Post-traumatic stress disorder (PTSD) and other anxiety disorders stemming from dysregulated fear memory are problematic and costly. Understanding the molecular mechanisms that contribute to the formation and maintenance of these persistent fear associations is crucial to developing treatments for PTSD. Epigenetic mechanisms, which control gene expression to produce long-lasting changes in cellular function, may support the formation of fear memory underlying PTSD. We address here the role of epigenetic mechanisms in the formation, storage, updating, and extinction of fear memories. We also discuss methods of targeting these epigenetic mechanisms to reduce the initial formation of fear memory or to enhance its extinction. Epigenetic mechanisms may provide a novel target for pharmaceutical and other treatments to reduce aversive memory contributing to PTSD.
Fear memory as a model for PTSD Understanding how the brain converts temporary sensory stimuli into persistent memory has been a fundamental focus of neuroscience research for the past few decades [1] . One important question is how such temporary changes in the environment can be encoded in a relatively persistent manner by the cell to produce long-lasting memory, such as memory for a fearful event. Identifying the molecular mechanisms of fear memory formation is particularly important in light of the prevalence of PTSD, a debilitating condition characterized by inappropriate fear generalization to safe contexts and stimuli, and other anxiety disorders such as phobias and panic disorders, which together affect nearly 18.1% of adults in the USA [2] and cost an estimated $42.3 billion each year [3] . Learning to avoid cues that signal danger is important to minimize injury, but excessive or persistent responding to non-threatening stimuli (as occurs in PTSD) can also cause harm.
In rodents, PTSD and general anxiety disorders can be modeled with Pavlovian fear conditioning (see Glossary), a learning task in which an initially neutral conditional stimulus (CS), such as a tone or context, is paired with a naturally aversive unconditional stimulus (UCS), usually a footshock ( Figure 1A ) [4] . Epigenetic mechanisms have recently been implicated in various forms of memory, including fear memory [5] [6] [7] [8] [9] , and may represent one important way that transient cell signaling following a brief learning event can produce lasting changes in cellular function and, accordingly, enduring changes in behavior [10] .
Epigenetic mechanisms can be defined as changes in gene expression that occur through alterations in chromatin structure rather than changes in DNA sequence [11] . A range of epigenetic mechanisms have been implicated in long-term memory formation, including, but not limited to, histone acetylation [6], phosphorylation [12] , and methylation [5], DNA methylation [13] , and nucleosome remodeling [8] . These learning-related epigenetic changes could change the state of the cell long after the learning event such that the resulting behavior is long-lasting and robust.
Feature Review
Glossary Consolidation: the process of converting temporary short-term memory (lasting only a few hours) into persistent long-term memory that lasts at least 24 h. DNMT: DNA methyltransferase, an enzyme that catalyzes binding of a methyl group onto the DNA. Epigenetics: changes in gene expression that occur through alterations in chromatin structure rather than changes in DNA sequence. Extinction: the phenomenon in which responding to the conditional stimulus is reduced following repeated exposure to the cue in the absence of the unconditional stimulus. Extinction is widely believed to be learning of a CSno UCS relationship rather than an erasure of the original CS-UCS memory. Histone acetyltransferase (HAT): an enzyme responsible for adding an acetyl group to histone tails. Histone deacetylase (HDAC): an enzyme responsible for removing acetyl groups from histone tails. Histone: core of the nucleosome, consisting of four pairs of histone proteins. Each histone protein has an N-terminal tail that can be modified (acetylated, phosphorylated, methylated, etc.) to restrict or promote access to the DNA wound around it. Memory storage: the process of maintaining existing memory to prevent erosion over time as proteins and epigenetic markers are degraded. Nucleosome: basic unit of chromatin, in which a histone octamer is wrapped by approximately 147 bp of DNA. Pavlovian fear conditioning: a learning paradigm in which an initially neutral conditional stimulus (CS) is paired with a naturally aversive unconditional stimulus (UCS). Most often, a tone or context CS is paired with a footshock UCS. Following training, the CS alone should evoke a fear response, indicating successful learning. Reconsolidation: the phenomenon in which existing memory becomes temporarily labile following a reminder cue. Recent work suggests reconsolidation makes existing memory malleable so that new information can be incorporated into the memory trace. Updating: the process of modifying existing memory to incorporate new, relevant information into the memory trace. Successful updating requires memory to undergo reconsolidation. 
